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ABSTRACT 
Janelle Elizabeth Bauer: Complex zoning patterns and rare earth element variations across 
titanite crystals from the Half Dome Granodiorite, Central Sierra Nevada, California 
(Under the direction of Allen F. Glazner) 
Titanite is a common accessory phase in igneous rocks and is particularly abundant in the 
Half Dome Granodiorite of Yosemite National Park, California. Holding a large proportion of 
trace elements, such as rare earth elements, makes titanite an important phase because of the 
influence of temperature, pressure, oxygen fugacity, and liquid composition on trace-element 
partitioning. Equilibrium crystallization and fractional crystallization have been used to explain 
the distribution of elements in titanite. However, backscattered electron images of titanite reveal 
complex zoning patterns that correlate with rare earth element concentrations. Transects across 
the centers of titanite crystals further emphasize the fluctuating chemistry of titanite and its 
complex crystallization. The geochemical and textural evidence from titanite show that simple 
fractional crystallization models cannot explain the distribution of rare earth elements throughout 
the crystals. 
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INTRODUCTION   
Accessory minerals make up but a small proportion of igneous rocks, but their significance 
far outweighs their abundance. Phases such as titanite, monazite, and zircon can hold a 
significant proportion of trace elements such as rare earth elements (REE), U, Th, and Zr 
(Gromet and Silver 1983). Intensive parameters such as temperature, pressure, oxygen fugacity 
(fO2), and liquid composition influence trace-element partitioning (e.g., Mahood and Hildreth 
1983; Green and Pearson 1986; Paterson and Stephens 1992). Therefore, studying how elements 
are distributed into these accessory phases is important in determining the petrogenesis of 
igneous rocks. 
Titanite is a particularly important accessory phase because of its large appetite for important 
trace elements such as REE, Y, and Zr (Gromet and Silver 1983) and because of its utility in U-
Pb geochronology (Frost et al. 2000). Titanite is a widespread accessory mineral in many silicic 
igneous rocks (Deer et al. 1982), and is particularly abundant in the Half Dome Granodiorite of 
Yosemite National Park, California (Fig. 1), where it occurs in euhedral crystals that can reach 
~10 mm in longest dimension (Fig. 2). In this study, I investigate the complex zoning patterns 
found in these crystals. 
Partitioning of non-stoichiometric elements between crystals and liquid is governed by the 
thermodynamics of the relevant exchange reaction and is typically assumed to follow Henry’s 
Law (Watson 1976). Equilibrium crystallization, in which crystals are assumed to freely 
exchange with the liquid throughout crystallization, and fractional crystallization, where they are 
immediately removed upon crystallization, are end-members that are commonly used to explain 
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element partitioning (e.g. Albarede and Bottinga 1972; Whitney and Stormer 1985). In this study 
I analyzed titanite crystals from the Half Dome Granodiorite to quantify patterns of trace-
element variation. The complex zoning patterns and REE concentrations are reflective of the 
conditions in which they crystallized because of the influence of temperature, fO2, and melt 
composition on partitioning of Y, Zr, and REE.  
 
Figure 1. Sample location map, modified from Coleman et al. (2012). All samples were taken from the 
Half Dome Granodiorite of the TIS in Yosemite National Park, California. Samples from Olmsted Point 
can be seen in Fig. 2.5. The Half Dome Granodiorite has several cycles, grading felsic to mafic from 
western contacts. 
 
3 
 
 
Figure 2. Representative backscattered electron images of titanite crystals, cut through the center, parallel 
to {111}, from the Half Dome Granodiorite. a Titanite crystal shows a bright core, and patchy zoning. 
There is a small section of oscillatory zoning in the southwest corner. b A titanite crystal with a dark 
center, indicating a depletion in REE. The core is surrounded by concentric, oscillating zones. There are a 
couple of zones that have inclusions of oxides. There is also slight sector zoning in some of the rings. c 
This titanite crystal has a large relative number of inclusions, mostly oxides (ilmenite, anatase, 
pyrophanite, and magnetite). There is a dark, patchy core, surrounded by concentric, oscillating zones. d 
Titanite crystal with a bright core (high REE concentration). It is sector zoned, grading to a darker rim. e 
Large (~1 cm along the long axis) titanite crystal that has patchy sector zones. The south edge of the 
crystal is dark and does not mirror the other side. f Crystal drawing modified from Paterson and Stephens 
1992, of a typical euhedral titanite, dominated by the {111} form. The cross section shows orientation of 
titanite a-e.  
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Partition coefficients 
The distribution of an element i between mineral and melt is represented by the partition 
coefficient (D):  
𝐷𝑖 =
𝐶𝑖
𝑚𝑖𝑛𝑒𝑟𝑎𝑙
𝐶𝑖
𝑚𝑒𝑙𝑡  (1) 
where C is the concentration of an element in weight units. These values are determined 
experimentally or from natural mineral-glass pairs (McIntire 1963). Phenocryst and groundmass 
are either analyzed in bulk, homogenizing any differences in chemistry from core to rim 
(Mahood and Hildreth 1983; Colombini et al. 2011), or spot analyses are averaged (Green and 
Pearson 1986; Tiepolo et al. 2002; Bachmann et al. 2005). However, mineral/groundmass 
partition coefficients are not true equilibrium values because disequilibrium zoning in titanite is 
common (Paterson and Stephens 1992). 
Titanite has high partition coefficients for Zr, Y, Hf, and REE, with distinct differences 
between natural and experimentally grown crystals (Fig. 3a). D values determined for natural 
samples are extremely high, especially for REE, where they commonly exceed 100 (Bachmann 
et al. 2005; Ackerson 2011; Colombini et al. 2011); experimentally determined values are 
typically an order of magnitude lower (Green and Pearson 1986; Tiepolo et al. 2002).  
Several factors influence partition coefficients of REE in titanite. D values for REE increase 
with decreasing temperature, water content of the liquid, and increasing pressure, fO2, and silica 
content of the liquid (Mahood and Hildreth 1983; Green and Pearson 1986; Wones 1989). For 
example, Green and Pearson (1986) showed that in a system with 70 wt % SiO2 at 7.5 kbar, DSm 
increases from ~20 to ~35 as temperature decreases from 1100 to 900 ºC. These parameters 
affect partition coefficients because they influence melt polymerization and lattice strain in 
titanite (Mahood and Hildreth 1983; Blundy and Wood 2003; Prowatke and Klemme 2005). 
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Elements that substitute into the crystal with the least amount of stress are preferred over those 
elements that are a poorer fit. 
  
Figure 3. a Representative partition coefficients of REE for titanite determined using natural titanite 
(Bachmann et al. 2005; Ackerson 2011; Colombini et al. 2011) and synthetic titanite (Green and Pearson 
1986; Tiepolo et al. 2002) at various wt % SiO2. b Equilibrium crystallization of a trace element in titanite 
at D values of 100, 500, and 1000. c Fractional crystallization of a trace element in titanite at D values of 
100, 500, and 1000. Representative D values were chosen based on average natural titanite partition 
coefficients (Bachmann et al. 2005; Ackerson 2011; Colombini et al. 2011). 
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Trace element variation during crystallization 
Equilibrium crystallization and fractional crystallization are two end members that model 
how an element partitions into a solid as the liquid crystallizes. These models assume that the 
partition coefficients are constant throughout crystallization. Equilibrium crystallization involves 
complete equilibrium between all phases, and the variation in concentration in the crystals is 
given by (Rollinson 1993): 
𝐶𝑅
𝐶𝑂
=
𝐷
[𝐷+𝐹(1−𝐷)]
 (2) 
CR: average concentration of an element in the crystal in weight units 
CO: concentration in the original liquid 
F: weight fraction of melt remaining 
Fig. 3b shows variations in concentration of a trace element in titanite under equilibrium 
crystallization at various high D values. Equilibrium crystallization requires that the element 
have the same concentration throughout the crystal. However, the concentrations of REE are not 
homogenous throughout titanite crystals (Paterson and Stephens 1992; Piccoli et al. 2000), so 
this requirement is not met. 
Titanite will retain zoning over long periods of time because elements such as REE and Zr 
diffuse slowly (Fig. 4). An estimate of the length scales over which diffusion can erase zoning is 
given by characteristic diffusion distance, defined as √𝜅𝑡 where 𝜅 is diffusivity and t is time. In 
1 m.y. at temperatures of 700-800 ºC, these distances are ~1 µm for Nd and ~10-60 µm for Zr, 
using diffusivity values from Cherniak (2010); thus, these elements are effectively immobile via 
diffusion over geologic timescales, leading to exquisite preservation of zoning (Fig. 2).   
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Figure 4. a Diffusivities of Nd and Zr in titanite versus T (modified from Cherniak 2010). b Distance 
(µm) that Nd and Zr will diffuse in 1 m.y. at temperatures of 600-1000 ºC. Diffusivities are from 
Cherniak (2010).  
 
Fractional crystallization (equation 3) describes the situation where crystals are effectively 
removed from the site of formation after crystallization (Rollinson 1993), and this process has 
been used to model situations where only the surface of the crystals is in communication with the 
melt (Gast 1968). 
𝐶𝑅
𝐶𝑂
= 𝐷𝐹(𝐷−1) (3) 
Fractional crystallization predicts that the concentration of an element with large D will 
decrease drastically after initial crystallization (Fig. 3c)—far faster than during equilibrium 
crystallization. However, in backscattered electron (BSE) images, titanite shows complex 
continuous, discontinuous, patchy, oscillatory, and sector zoning (Fig. 2). Because brightness is 
positively correlated with Fe, Y, Zr, and REE concentration (Paterson and Stephens 1992; 
Piccoli et al. 2000; this study), such zoning indicates that there is not a dramatic decrease in REE 
from core-to-rim as predicted by surface equilibrium and fractional crystallization. Clearly, 
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partitioning of these elements into titanite is more complicated than simple equilibrium or 
fractional crystallization models can account for. 
Crystallization conditions 
Titanite is involved in many reactions involving Ti and Ca in igneous rocks. Titanite 
crystallization is favored by relatively high fO2 (Lipman 1971; Whitney and Stormer 1985; 
Nakada 1991), which drives the following reaction to the left (Wones 1989):  
𝑡𝑖𝑡𝑎𝑛𝑖𝑡𝑒 + 𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑡𝑒 + 𝑞𝑢𝑎𝑟𝑡𝑧 = ℎ𝑒𝑑𝑒𝑛𝑏𝑒𝑟𝑔𝑖𝑡𝑒 + 𝑖𝑙𝑚𝑒𝑛𝑖𝑡𝑒 + 𝑂2   (4) 
3𝐶𝑎𝑇𝑖𝑆𝑖𝑂5 + 2𝐹𝑒3𝑂4 + 3𝑆𝑖𝑂2 = 3𝐶𝑎𝐹𝑒𝑆𝑖2𝑂6 + 3𝐹𝑒𝑇𝑖𝑂3 + 𝑂2 
Colombini et al. (2011) found that titanite in the Peach Springs Tuff of California and 
Arizona is commonly found in high-silica glasses (~76 wt % SiO2) in the presence of quartz, 
suggesting that it is a late-crystallizing phase. Frost et al. (2000) also suggested that titanite is a 
late-crystallizing phase in calc-alkaline plutonic rocks that can form during hydration of 
pyroxene to amphibole. Decreasing temperature and increasing water fugacity drive the 
following reaction to the left: 
𝑓𝑒𝑟𝑟𝑜𝑎𝑐𝑡𝑖𝑛𝑜𝑙𝑖𝑡𝑒 + 𝑡𝑖𝑡𝑎𝑛𝑖𝑡𝑒 + 𝑢𝑙𝑣ö𝑠𝑝𝑖𝑛𝑒𝑙 = ℎ𝑒𝑑𝑒𝑛𝑏𝑒𝑟𝑔𝑖𝑡𝑒 + 𝑖𝑙𝑚𝑒𝑛𝑖𝑡𝑒 + 𝐻2𝑂  (5) 
In some volcanic rocks, titanite crystals are rimmed with ilmenite, which may indicate 
mixing with more mafic magma before eruption (Nakada 1991; Colombini et al. 2011). Ilmenite 
is an indication of decreasing fO2 and increasing temperature (equations 4 and 5).  
Titanite  
Titanite is a common primary and secondary accessory mineral in volcanic and plutonic 
systems. The structure of titanite, which is monoclinic with a P21/a space group, influences 
which elements can be incorporated (Paterson and Stephens 1992). It has TiO6 corner-sharing 
octahedral chains and isolated SiO4 tetrahedra, with bridging 7-fold coordinated Ca polyhedra 
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(Ribbe 1982; Deer et al. 1982). Ionic radius, charge, and bonding between these elements control 
element substitution. These properties vary with pressure and temperature, and therefore 
partition coefficients can change as conditions of crystallization change (Green 1994). 
Titanite is dominated by the {111} form, which is parallel to the long axis, and has minor 
faces that include {001}, {100}, {102}, and {110} (Paterson and Stephens 1992). The 
distribution of elements into titanite is not equal between forms. Changing melt conditions 
interfere with crystal-interface kinetics and cause disequilibrium partitioning to occur (Watson 
and Liang 1995). There is preferential incorporation of Ti, Nb, and REE onto minor {100} 
forms, and Ca, Al, and Fe on the {111} form (Paterson and Stephens 1992; Green 1994). This 
causes sector zoning (Fig. 2). Sector zoning is important when considering partition coefficients 
because elements will not be equally distributed between faces (Paterson and Stephens 1992).  
Many elements can substitute into titanite as long as charge balance is maintained. Typical 
substitutions are listed in Table 1. These substitutions introduce several strong correlations 
among the elements in typical natural titanite crystals; for example, Paterson and Stephens 
(1992) found that Ca2+ and Ti4+ negatively correlate with REE3+ and Y3+.  
Table 1. Site specific substitutions and coupled substitution in titanite (Sahama 1946; Smith 1970; 
Coombs et al. 1976; Higgins and Ribbe 1976; Deer et al. 1982; Paterson and Stephens 1992; Piccoli et al. 
2000; Olin and Wolff 2012). 
Site Substituting Elements 
Ti Mg, Al, Fe3+, Fe2+, V, Cr, Nb, Sn, Mo, Ta, W 
Ca Na, Sr, Mn, Ba, REE 
Si Al 
O OH, F, Cl 
2Ti4+ (Al3+, Fe3+) + (Nb5+, Ta5+) 
Ti4+ + O2- (Al3+, Fe3+) + (OH-, F-) 
Ca2+ + Ti4+ Na+ + (Nb5+, Ta5+) 
(REE3+, Y3+) + (Al3+, Fe3+) 
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Half Dome Granodiorite 
The Half Dome Granodiorite (Fig. 1) is a member of the Late Cretaceous Tuolumne Intrusive 
Suite (TIS) of Yosemite National Park, California (Bateman 1992). The TIS becomes 
progressively younger inward and was emplaced from about 95-85 Ma (Coleman et al. 2004). 
The Half Dome Granodiorite is one of the five mapped units of the TIS and was emplaced from 
about 93-89 Ma. Coleman et al. (2012) interpreted cyclic compositional layering in the 
granodiorite to reflect migration of late-stage silicic liquids during repeated episodes of 
emplacement. Titanite is an important accessory phase in the TIS and is particularly prominent in 
the Half Dome Granodiorite, which is well exposed in the glaciated terrain of Yosemite National 
Park.  
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METHODS 
Seven samples were collected from the granodiorite in three locations (Fig. 1). Samples were 
reduced by a jaw crushing into pieces no more than a few cm across. Individual large, intact, 
euhedral titanite crystals were removed from the crush, mounted in specific orientations 
(generally perpendicular to the {111} faces) in epoxy, and polished through to their centers so 
that all sections show full core-to-rim variation. A Tescan VEGA 5130 scanning electron 
microscope (SEM) was used for BSE imaging.  
A JEOL JXA-8530F electron microprobe (EMP) at Fayetteville State University was used 
for additional BSE imaging and for analysis of major elements, Zr, La, Ce, Nd, and Gd. REE 
were standardized using rare earth orthophosphate Smithsonian Microbeam Standards 
(Jarosewich 2002); Zr and Hf were standardized with zircon. Operating conditions included an 
accelerating voltage of 15 kV, a probe current of 7x10-8 A, and beam diameter of 1 µm.  Data 
were reduced using ZAF correction. An Agilent 7500ce ICPMS and 193 nm Geolas laser 
ablation inductively coupled mass spectrometry system (LA-ICMPS) at Virginia Polytechnic 
Institute and State University were used to analyze major elements as well as REE using glass 
standard NIST SRM 610 and a spot size of 24 µm. Reproducible and accurate results have been 
demonstrated using SRM 610 and this instrument (Heinrich et al. 2003). Spot locations for EMP 
and LA-ICPMS were chosen in order to acquire data for all BSE brightness levels—to see 
differences in light versus dark areas and to examine compositional differences within zones of 
the same brightness. Several transects across grains were also mapped to examine core-to-rim 
variations. BSE brightness values (256-level grayscale, with 0 as black and 255 as white) for all 
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spot locations were determined by SEM. ICPMS data were reduced using AMS data reduction 
software (Mutchler et al. 2008).  
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RESULTS 
BSE images 
Titanite crystals cut through their centers from the Half Dome Granodiorite display complex 
continuous, discontinuous, oscillatory, and sector (fir-tree) zoning in BSE (Fig. 2). Different 
crystals from the same sample display highly variable zoning patterns and varying proportions of 
inclusions (Fig. 5; see supplementary material for full set of crystal images). In most crystals, 
bright patchy zones and sector zones dominate the core and are surrounded by darker rims. 
Small-scale oscillatory zones rim some crystals but are not as prevalent. Individual crystals 
contain ~5-40 vol% inclusions of other minerals (Fig. 6) including oxides (magnetite; ilmenite 
with anatase or rutile and pyrophanite), K-feldspar, plagioclase, quartz, allanite, apatite, zircon, 
and biotite—all the significant minerals in the rock except hornblende. Some inclusions have 
dark BSE zones around their borders (Fig. 6b). Inclusions tend to be in the cores of crystals, but 
some crystals have oxides near or at the rim. In some crystals, ilmenite occurs around oscillatory 
zoned rims as small inclusions.   
Titanite in situ in probe sections from Gray (2003), not necessarily cut through their centers, 
do not show any significant patterns. Euhedral crystals are seen neighboring plagioclase, K-
feldspar, quartz, biotite, hornblende, and oxides (see supplementary material for images). 
Oscillatory zoning and sector zoning is seen in crystals bounded by all of these phases, as well as 
varying proportions of inclusions.  
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Figure 5. BSE images of titanite crystals from the same sample JB01 (located at Olmsted Point, 
Yosemite National Park, see Fig. 1). Crystals are parallel to the {111} form and cut through the center. 
They show varying levels of inclusions and different zoning patterns.  
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Figure 6. Titanite (Ti) crystals from the Half Dome Granodiorite can have up to ~40 % inclusions of 
other minerals. These minerals include: ilmenite (Im), anatase (An), zircon (Zr), pyrophanite (Py), apatite 
(Ap), allanite (Al), magnetite biotite, hornblende, quartz, K-feldspar, and plagioclase. a This titanite has 
~40 % inclusions. In the inset image, ilmenite is altering to anatase and pyrophanite. It also has inclusions 
of apatite and zircon. b This titanite crystal has ~20 % inclusions. Large inclusions of quartz and feldspars 
appear black in BSE. The inset image shows a highly zoned allanite inclusion, with a dark zone around its 
border. 
 
Compositional zoning 
Several major trace elements were analyzed with both an EMP and LA-ICPMS on the same 
crystals. These data are in general agreement with each other, although EMP analyses of Gd 
have poor precision (Fig. 7). Fig. 8 shows the correlation matrix between major element oxides, 
trace elements, and brightness. Mg and Al are negatively correlated with Ti and Ca, and 
positively correlated with Fe, Ce, Pr, Nd, Gd, and brightness. Elements that substitute into 
titanite, such as Fe and REE, are negatively correlated with Ca and Ti (Table 1). Scatterplots 
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(Fig. 9) show strong positive correlations between Mg, Al, Fe, and brightness; Ca and Ti show 
strong negative correlations with Mg, Al, Fe, and brightness.  
 
Figure 7. Comparison of LA-ICPMS and EMP data for three elements. In each Fe2O3 (wt %), Ce (ppm), 
and Gd (ppm) were analyzed with LA-ICPMS and EMP on the same titanite crystals, near the same spots. 
Analyses for most elements are consistent between instruments. Scatter in Gd is probably a result of poor 
counting statistics and low signal/background with EMP analyses. Diagonal 1:1 lines are shown. 
 
 
Figure 8. Correlation matrix of major oxides (wt %), trace elements (ppm), and brightness (grayscale 
values 0-255, 0 = black, 255 = white). Positive correlations are in red and negative correlations are in 
blue. There are high positive correlations between the trace elements and Fe2O3. There are strong negative 
correlations with CaO, TiO2 and the trace elements.  
 
Na2O MgO Al2O3 SiO2 CaO TiO2 MnO Fe2O3 Y Zr La Ce Pr Nd Gd Brightness
Na2O 1.00
MgO 0.17 1.00
Al2O3 0.01 0.63 1.00
SiO2 -0.07 -0.37 -0.27 1.00
CaO -0.43 -0.65 -0.55 0.11 1.00
TiO2 -0.22 -0.64 -0.75 0.02 0.71 1.00
MnO -0.38 0.24 0.03 -0.03 0.08 -0.06 1.00
Fe2O3 0.00 0.70 0.81 -0.30 -0.60 -0.85 0.22 1.00
Y 0.36 0.67 0.69 -0.42 -0.82 -0.72 -0.09 0.64 1.00
Zr 0.16 0.33 0.20 -0.23 -0.42 -0.37 0.03 0.42 0.27 1.00
La 0.28 0.21 -0.02 -0.17 -0.38 -0.30 -0.03 0.30 0.09 0.84 1.00
Ce 0.40 0.61 0.36 -0.34 -0.76 -0.65 -0.01 0.62 0.59 0.47 0.65 1.00
Pr 0.40 0.69 0.54 -0.42 -0.85 -0.74 -0.02 0.70 0.80 0.69 0.64 0.85 1.00
Nd 0.42 0.74 0.63 -0.45 -0.89 -0.78 -0.03 0.71 0.93 0.40 0.34 0.82 0.92 1.00
Gd 0.38 0.67 0.65 -0.43 -0.81 -0.70 -0.07 0.61 0.99 0.27 0.09 0.58 0.79 0.94 1.00
Brightness 0.40 0.52 0.39 -0.24 -0.72 -0.67 -0.07 0.56 0.69 0.43 0.43 0.72 0.77 0.78 0.69 1.00
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Figure 9. a Major element oxide analyses (wt %) from LA-ICPMS and brightness from BSE images 
show strong positive and negative correlation with each other. There is no correlation between SiO2 and 
CaO, TiO2, and MnO. b Trace element analyses (ppm) from LA-ICPMS and brightness from BSE images 
show some very strong positive correlations among the REE. Eu, Gd, and Y are strongly positively 
correlated with each other. c Major oxides (wt %) and trace elements (ppm) from LA-ICPMS are 
compared to one another.  
 
Compatible trace elements Y, Zr, and REE show little correlation with Si. Al, Fe, and 
brightness are all positively correlated, and Ca and Ti negatively correlated, with Zr, Y, and the 
REE. The REE are mostly positively correlated with one another and brightness. La and Ce are 
18 
 
not as correlated as the middle REE and Y with each other. Y is highly positively correlated with 
the REE, with an average correlation coefficient (R) of ~0.9. Zr is also positively correlated with 
the REE, but weakly, with an average R of ~0.3. Brightness is largely a function of Fe, Y, and 
REE concentration (Fig. 10); higher concentrations of these elements yields brighter zones in 
BSE. Owing to strong positive correlations among these elements, it is not possible to sort out 
their relative contributions to brightness variations. 
 
Figure 10. 173 LA-ICPMS spot analyses show that there is a strong positive correlation between 
brightness in BSE and the sum of all REE.  
 
Chondrite-normalized (Sun and McDonough 1989) REE data are highly variable (Fig. 11a) 
with light REE reaching concentrations of ~10,000-20,000 times chondrite, declining to ~500-
3000 times chondrite for heavy REE. Concentrations of all REE in a single crystal typically 
decrease by a factor of ~2 from core to rim, consistent with a general core-to-rim darkening in 
BSE. 
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Figure 11. a Chondrite-normalized REE patterns (Sun and McDonough 1989) from LA-ICPMS analyses 
with a 24 µm spot size. Light REE reach concentrations of ~10,000x chondrite, declining to ~1,000x 
chondrite for heavy REE. Most patterns have a negative Eu anomaly (shown in green), but there are 27 
titanite analyses with a flat Sm-Eu-Gd profile (shown in blue).  b The BSE images show 4 titanite 
samples that have high Eu/Eu* values. All such spots are in dark, depleted zones around crystal rims.
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Several transects across titanite crystal zones and within zones were analyzed by EMP (Fig. 
12). Titanite crystals chosen for these transects have variable zoning patterns, but REE 
concentrations are highly correlated with brightness. Most crystals have cores that are relatively 
enriched in REE, Zr, and Y (Fig. 12 a, c-e). However, some crystals with dark cores have REE-
depleted centers (Fig. 12 b and f). From core to rim, changes in REE concentrations mimic the 
BSE zoning pattern of the crystal; e.g., crystals with oscillatory BSE zoning have transects with 
oscillatory concentrations of REE. Within each transect, Fe, Zr, Y, La, Ce, Nd, and Gd followed 
the same trends, with higher concentrations on brighter spots (Fig. 12). Si and Ca are negatively 
correlated with La, Ce, Nd, Gd, and Fe. The REE and Y are more tightly correlated than Fe and 
Zr in all transects.  
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Figure 12. Core to rim transects of titanite crystals using EMP analyses. There is a positive correlation 
between brightness, Gd, Ce, Zr, Y, and Fe. These elements and brightness are negatively correlated with 
Ti, Ca, and Si. There is an overall decrease in trace element concentration and Fe from core to rim. The 
concentration of trace elements mimics the brightness in BSE, and the other major elements follow an 
opposite trend.  
 
Eu anomaly 
Most patterns have a negative Eu anomaly (defined as Eu/Eu* = Eunorm/√[Smnorm*Gdnorm]; 
Taylor and McLennan 1985), with Eu/Eu* averaging 0.48. Analyses with negative Eu anomalies 
are also enriched in REE, with light REE values up to ~30,000 times chondrite (Fig. 11 a). 
However, 27 LA-ICPMS spot analyses have a relatively flat Sm-Eu-Gd segment. These spots 
have an average Eu/Eu* of 0.85, and occur in 9 crystals from all 3 locations in the granodiorite. 
Spots with shallow Eu anomalies are located on the rims of crystals in dark BSE zones (Fig. 
11b). In general, the Eu anomaly becomes deeper as overall REE concentrations increase.  
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DISCUSSION 
Understanding variations in REE, Zr, and Y concentrations between and within crystals is 
important to understanding the complex zoning patterns seen in BSE images of titanite cut 
through their centers. The following discussion relates geochemical and textural data from 
titanite crystals from the Half Dome Granodiorite to models of crystallization. 
Partitioning of elements into titanite 
There is a large spread in REE concentrations, even within individual crystals (Figs. 9, 10, 
11, 12). Complex zoning patterns coupled with highly variable REE concentrations could 
indicate fluctuating partition coefficients. For example, the cores of the titanite crystals are 
relatively enriched in REE, Zr, and Y. Given D values on the order of 100-1000 (Green and 
Pearson 1986; Tiepolo et al. 2002; Bachmann et al. 2005; Ackerson 2011; Colombini et al. 
2011), both equilibrium and fractional crystallization models predict that trace element 
concentrations should plummet to negligible values in the early stages of crystallization (Fig. 3). 
However, typical overall core-to-rim decreases are only about a factor of 2 (Fig. 12). Equilibrium 
crystallization and fractional crystallization assume constant crystallization conditions and 
constant partition coefficients, as well as titanite crystallization throughout the entire 
solidification of the pluton, which is not likely.  
Fig. 13 shows the brightness values across several transects from rim to core. These values 
further emphasize the fluctuating chemistry of titanite. Each crystal has small-scale oscillatory 
zoning around the rim, but the cores are different. Most crystals show an overall decrease in 
brightness from core to rim.  
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Glazner and Johnson (2013) hypothesized that K-feldspar megacrysts in the TIS owe their 
growth to long periods of thermal cycling and fluid pulses as the TIS was constructed over 
several million years. The condensed equivalent volume of water released by crystallization of 
water-rich granitic magma can be 10 vol % or more of the magma volume (Glazner et al. 2011). 
Addition of water to a magma depolymerizes a melt, which decreases Ds for REE in titanite 
(Mahood and Hildreth 1983). Increasing temperature also decreases Ds (Green and Pearson 
1986). Therefore, influxes of fresh magma and associated water could cause partition 
coefficients to decrease, followed by recovery to higher values as the magma cools and water 
bleeds off.  
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Figure 13. Transects from rim to core showing brightness variations, from 0-250. Values close to 0 are 
black and values close to 250 are white.  All crystals show oscillating values at the rims, but in the core, 
each crystal is different. a b c show a steady decrease in brightness from core to rim; d shows a steady 
decrease; e and f show patterns that oscillate, but are flat overall. 
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The assemblage ilmenite + hedenbergite is favored over titanite + magnetite + quartz (Eq. 4) 
at higher temperatures and lower fO2 (Lipman 1971; Wones 1989; Piccoli et al. 2000). 
Emplacement of a more mafic magma should decreases fO2 (increasing temperature decreases 
fO2) and stabilize ilmenite (Lipman 1971; Piccoli et al. 2000), which is a common inclusion in 
titanite crystals from the Half Dome Granodiorite. When the system cools, titanite stabilizes as 
fO2 increases (Frost et al. 2000). Relatively higher fO2 also increases the partition coefficients for 
REE in titanite (Green and Pearson 1986).  
Sector zoning is seen in titanite (Fig. 2), and is caused by the chemical disequilibrium 
between the {111} face and the {100} face as the crystal grows (Paterson and Stephens 1992). In 
BSE images, titanite has bright sector zones and dark sector zones. Fir-tree zones (Fig. 2) are 
common in titanite crystals from the Half Dome Granodiorite. These are caused by the 
alternation of crystallization on the minor {100} form and two faces of the {111} form (Paterson 
and Stephens 1992). The magnitude of the fir-tree zone is related to the growth rate of the crystal 
faces. Each face either grew simultaneously at different rates, or grew at different times 
(Paterson and Stephens 1992). Growth rates are influenced by temperature, pressure, and melt 
composition. Local fluctuations of crystallization conditions can cause sector zoning, as well as 
fluctuations throughout the whole magma. In order to form different patterns in the same sample, 
there may have been fluctuating melt conditions locally, affecting each crystal differently. Sector 
zoning also influences coupled substitutions. REE and Ti prefer to crystallize on the {100} form, 
whereas Ca, Al, and Fe prefer to crystallize on the {111} form (Paterson and Stephens 1992).  
Principal component analysis was performed in order to examine correlations among 
compositional variables. I used MgO, Al2O3, SiO2, CaO, TiO2, Fe2O3, Y, Ce, Gd, Eu, Lu, and 
brightness in this analysis; the full set of REE was not used because of their inherent self-
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correlation. Eigenvector principal component 1 holds 67.6% of the variance; SiO2, CaO, and 
TiO2 have positive principal component 1 loadings, whereas the rest of the variables are negative 
(Fig. 14). The coupled substitutions of Al + Fe, 2 REE, and REE + Y for Ca + Ti is shown by 
their groupings on the loading plot. SiO2 does not substitute readily with any of these variables, 
and therefore sits alone. The trace elements and brightness have similar values. The coupled 
substitutions of Al + Fe, 2 REE, and REE + Y for Ca + Ti are also seen in titanite crystals from 
volcanic rocks analyzed by Ackerson (2011).  
 
Figure 14. A principal component 1 vs principal component 2 plot of the loadings shows correlations 
between the variables.  
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Eu anomaly 
The negative Eu anomaly seen in titanite with enriched REE patterns can be explained by 
plagioclase fractionation (Graham and Ringwood 1971). Plagioclase has a relatively high D for 
Eu2+ (3; Bachmann et al. 2005), whereas Ds for the other REE are on the order of 0.01-0.4. 
Decreasing fO2 increases the Eu
2+/Eu3+ ratio, preferentially incorporating Eu into plagioclase 
(Drake and Weill 1975; Cicconi et al. 2012). Outer parts of some titanite crystals have relatively 
high Eu/Eu* value, as well as an overall depleted REE pattern. Flat Sm-Eu-Gd patterns on dark 
BSE rims have been attributed to metamorphic origin (Gao et al. 2012). If titanite is a late 
crystallizing mineral, the rims might be crystallizing when the pluton is solid, when it is under 
metamorphic conditions during thermal cycling.  
Fractional crystallization 
Titanite in the Half Dome Granodiorite has complex zoning (Figs. 2, 5, 6, 11, 12, 13), and 
diverse patterns are seen in crystals from the same sample, cut through the center (Fig. 5). Using 
fractional crystallization from equation 3, the concentrations of REE were modeled in titanite 
(equation 5): 
𝐶𝑅 = 𝐷[𝐶𝑂(𝐹
(𝑑−1))]  (5) 
The bulk D (d) was calculated using partition coefficients from Bachmann et al. (2005), and 
is the weighted sum of the D values from all phases present in the system. The average weight 
fraction of titanite (1 wt %) and initial REE concentrations (taken as the average from the Half 
Dome Granodiorite) from Gray (2003) were used. The concentration of Ce and Gd in titanite 
were modeled at different fractions of melt (F), from F = 0.9 to F = 0.1. This model (Fig. 15) 
shows that even with a small percentage of titanite, REE concentration dramatically decreases 
after initial concentration. The initial concentration in this model is comparable to measured 
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values from titanite cores (Fig. 12), but transects measured by EMP do not show such dramatic 
decreases in concentration. There is no way that the complex zoning patterns in titanite can be 
explained with fractional crystallization.  
 
Figure 15. Fractional crystallization (equation 3) was modified to show the concentration of Ce and Gd in 
titanite from F = 0.9 to F = 0.1 using equation 5.   
 
Watson and Müller (2009) developed a growth model to show how crystallization occurs 
under disequilibrium conditions. The growing surface of the crystal affects the local 
concentration of the liquid, and therefore affects subsequent concentrations in the crystal. 
Fluctuating partition coefficients and diffusion-controlled zoning is more likely than fractional 
crystallization to create sector zoning (Paterson and Stephens 1992; Watson and Liang 1995) and 
the complex patterns seen in titanite. Diffusion-controlled zoning that depends on growth 
kinetics has also been observed and modeled in plagioclase (Allègre et al. 1981; L’Heureux and 
Fowler 1996).  
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Plutonic titanite versus volcanic titanite 
Modified fractional crystallization still does not model the actual concentrations in a titanite 
crystal. Ackerson (2011) attributed discrete oscillatory zones in volcanic titanite to be a result of 
diffusion-controlled partitioning. Some volcanic titanite crystals that have thicker zones, similar 
to those in plutonic titanite crystals, may be zoned due to thermal cycling (Ackerson 2011). 
However, some crystals from the Half Dome Granodiorite have discrete oscillatory zones on the 
rims. This might indicate disequilibrium zoning in plutonic titanite as well, where crystals grow 
more rapidly than the rate at which elements are incorporated into the crystal, creating a 
diffusion profile. Therefore, early crystallization might have been affected by thermal cycling, 
but towards the end of crystallization, some titanite had diffusion-controlled zones.  
One explanation for neighboring crystals with different zoning patterns, such as those in Fig. 
5, is clustering after growth in different parts of a magma body (Vogt 1921; Wiebe 1968; Vance 
1969). Such gathering could be produced by crystal settling (Beane and Wiebe 2012). 
Alternatively, chaotic mixing via forced convection can produce widely divergent flow lines, 
separating crystals that grew near each other and bringing together ones that grew separately 
(Perugini et al. 2012). Either origin could explain the wide diversity in zoning patterns seen in 
titanite crystals from the same hand sample, but they require crystallization of titanite relatively 
early in the magma’s crystallization history, before the effective viscosity rises to levels that 
preclude crystal settling or forced convection. Rigid lockup generally occurs when the crystal 
fraction reaches 50 ± 20 vol% (Petford 2003).  
Because of the geochemical and textural evidence from volcanic rocks, the crystallization of 
plutonic titanite is better understood. In some volcanic rocks, titanite is euhedral and contains 
ilmenite inclusions around the rims (Whitney et al. 1985; Colombini et al. 2011; Pamukcu et al. 
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2013). Colombini et al. (2011) interpreted ilmenite rims as evidence of transient hotter 
conditions and decreasing fO2 at the end of its crystallization (equation 4), possibly as a result of 
magma recharge which increased the melt fraction and facilitated eruption. Titanite 
crystallization in the Peach Springs Tuff coincided with a high-silica melt (72-77 wt% SiO2) and 
high phenocryst percentage (30%) (Colombini et al. 2011; Pamukcu et al. 2013). Titanite is 
therefore likely a late-crystallizing mineral in the tuff.  
In the Fish Canyon Tuff, there is a higher phenocryst percentage (45%) and eruption is 
attributed to thermal rejuvenation by emplacement of more mafic magma (Bachmann et al. 
2005). Dissolution of feldspars and quartz suggest an assemblage with even higher 
crystallization before eruption (Bachmann et al. 2005), and therefore rigid lockup. Different 
zoning patterns in the same hand sample arriving by forced convection is ruled out because a 
crystal-rich magma does not permit significant differential movement of crystals.   
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CONCLUSIONS 
The complex zoning patterns in BSE images coupled with the large variation in REE 
concentrations have provided insight into the crystallization of titanite. The conclusions from this 
study include:   
1. Plutonic titanite has high concentrations of important trace elements, such as Y, Zr, and 
REE. These elements are distributed in the crystal by coupled substitutions to maintain 
charge balance. Fluctuating crystallization conditions due to thermal cycling may 
influence how these elements are distributed into the crystal. Instead of dramatically 
decreasing from core to rim, as fractional crystallization predicts, trace elements decrease 
by a factor of ~2.  
2. Changes in fO2 affect the partitioning of Eu into titanite. Negative Eu anomalies are 
caused by plagioclase partitioning, whereas flat Sm-Eu-Gd profiles with relatively low 
REE concentrations may be caused by metamorphic conditions during thermal cycling 
near the end of crystallization.  
3. The zoning patterns, REE concentrations, and coupled substitutions in volcanic titanite 
are just as complex as those in plutonic rocks. Differences between them have been 
described, including smaller oscillatory zoning in volcanic titanite and relatively higher 
REE concentrations in volcanic titanite. However, the Half Dome Granodiorite has some 
titanite crystals with smaller, oscillatory zones. Some have large patchy zones in the core, 
with dark, thick rims. There are also crystals with sector zoning in the core, with dark, 
thick rims. Other crystals have the same core patterns, but discrete, small oscillatory 
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zones around the rims. This might indicate that some crystals were influenced by thermal 
cycling (no small oscillatory zones) whereas others grew with disequilibrium zoning.  
4. Crystals in the same sample with different zoning patterns may be caused by locally 
varying crystallization conditions. It also could be an effect of late crystallization and the 
proximity to other mineral phases that will influence partitioning of REE into titanite.  
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APPENDIX A: TITANITE BSE IMAGES 
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Backscattered electron images of titanite crystals, mostly cut through the center, parallel to {111}, from 
the Half Dome Granodiorite. HDJB01-8; HDJB1, 4, 5, 6, 7, 14, 20, 22, and 23 are randomly oriented. 
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APPENDIX B: TITANITE IN THIN SECTIONS FROM GRAY (2003).  
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Backscattered electron images of probe slides showing titanite in situ from Gray (2003). Left column 
shows phases surrounding titanite crystals. Right column shows titanite zoning and inclusions. Images 
that are next to each other show the same titanite crystals, with different brightness and contrast settings. 
All slides are from the Half Dome Granodiorite.  
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APPENDIX C: LA-ICPMS MAJOR AND TRACE ELEMENT DATA 
 
44 
 
45 
 
46 
 
47 
 
48 
 
49 
 
50 
 
51 
 
 
52 
 
53 
 
54 
 
55 
 
 
56 
 
 
APPENDIX D: EMP MAJOR AND TRACE ELEMENT DATA 
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